The FBG SiMul software described here is an example of the type of 22 tool that will allow sensor simulation to become part of the design process, 23 where output is simulated and optimised to a structure. This will have 24 an immediate impact on the planning, development and implementation of 25 SHM as well as provoking further research and development to include active 26 control elements in the software and real-time data-driven feedback control 27 for smart structures in the future. Equally important is that the software is 28 robust and runs from a user friendly interface. This ensures its uptake both 29 within and outside the modelling and sensor communities as it provides an 30 opportunity for non-experts to simulate the signals and support their sensor 31 implementation plans; whether for a one-off full-scale structural test, or a 32 series of mechanical test specimens [3] . 33 
Problems and Background

34
The shape and response of the FBG reflected spectrum (measured signal) 35 depends on the way that the grating is deformed, i.e., the stress and strain 36 field acting along the grating will define the signal response. The FBG re-37 sponse simulation based on the stress and strain state from a finite element Thus, FBG SiMul was developed to tackle this gap in the FBG simulation 48 field, where the FBG response is simulated independently of the structure, 49 loading, or application type. As the software removes the need of a fibre 50 optic expert user, the FBG sensor response of a structural health monitoring 51 solution becomes more intuitive. Any external force/load acting in the grating region will change the effec-58 tive index and/or the period of modulation, which will create a shift in the 59 wavelength and/or modify the shape of the reflected peak. However, differ-60 ent stress and strain fields acting in the FBG sensor create different signal 61 responses [3, 11, 12, 13, 14] (see figure 1); a longitudinal uniform strain field 62 creates a wavelength shift in the reflected peak (∆λ), but its shape remains 63 unchanged; a longitudinal uniform and non-uniform strain field, acting along 64 the grating, causes an increase in the reflected peak width (∆λ W V ) and a 65 wavelength shift (∆λ); a transverse stress field, acting along the grating, 66 causes a separation of the reflected Bragg peak due to the optical fibre bire-67 fringent behaviour, which can be described by an increase in the reflected 68 peak width (∆λ W V ) and a wavelength shift (∆λ).
Spectrum Simulation: Transfer-Matrix Method
70
The transfer-matrix method was originally developed to simulate the re-71 flected spectrum of FBG sensors under a uniform strain field by Yamada and 72 Sakuda [6]; later, this theory was modified to simulate the reflected spectrum 73 of FBG sensors under other types of strain field or different FBG configu-74 rations [7, 8, 9, 10] . The modified T-Matrix method, developed by Peters 75 et al. [7] , consists of dividing the waveguides (grating periodic pattern) into 76 short segments, and in each segment the grating is assumed to be periodic.
77
This assumption allows each segment to be handled as a uniform grating and 78 its signal to be simulated by the original Yamada T-Matrix method. Then, 79 when the grating is deformed, the grating period (Λ) in each increment is 80 calculated using the average strain acting in that increment; and, the total 81 reflected signal is reconstructed by combining the signal contribution from 82 all increments. 
Software Functionalities
123
The software is divided between 4 tabs according to functionality: 
FBG Spectrum Simulation
195
The reflected spectrum was simulated for a specific time increment using 
Conclusions
216
FBG SiMul provides the user with a tool to study and design structural 217 health monitoring solutions based on FBG sensors. The software is divided 218 in 3 main tools: a tool to extract the stress and strain along an optical fibre 219 path from a FEM model; a tool to simulate the reflected spectrum for a 220 specific time increment; and a tool to simulate the FBG time response. meaning that no programming knowledge is required, making parameter ma-228 nipulation more intuitive to the user. Also, the input data is pre-checked by 229 11 the software, meaning that the simulation is robust and does not crash or 230 give calculation errors.
231
In a free state, without strain and at a constant temperature, the spectral 286 response of a homogeneous FBG is a single peak centred at wavelength λ b , 287 which can be described by the Bragg condition.
The parameter n ef f is the mean effective refractive index at the location 289 of the grating, Λ 0 is the constant nominal period of the refractive index 290 modulation, and the index 0 denotes unstrained conditions (initial state).
291
The change in the grating period due to a uniform strain field is described 292 in equation (2),
where the parameter p e is the photo-elastic coefficient, and ε F BG (x) is the 294 strain variation along the optical fibre direction [7] . The variation of the 295 index of refraction δn ef f of the optical fibre is described by equation (3),
where ν is the fringe visibility, φ(x) is the change in the grating period along 297 the length, and δn ef f is the mean induced change in the refractive index [7] .
298
By the couple-mode theory, the first order differential equations describ-299 ing the propagation mode through the grating x direction are given by equa-300 tions (5) and (5).
The parameter R(x) and S(x) are the amplitudes of the forward and 302 backward propagation modes, respectively, σ is the self-coupling coefficient 303 as function of the propagation wavelength λ, and κ is the coupling coefficient 304 between the two propagation modes [7, 8, 9] .
305
The self-coupling coefficient σ for a uniform grating (φ(x) = 0) in function 306 of the propagation wavelength λ is described in equation (6), where the 307 parameter λ b is the FBG reflected wavelength in an unstrained state defined by the equation (1).
The coupling coefficient between the two propagation modes κ is defined 310 by equation (7), where the parameter m is the striate visibility that is ≈ 1 311 for the conventional single mode FBG [8, 9] .
Spectrum reconstruction 313 314
The optical response matrix of the ith (each segment) uniform grating 315 can be described by the coupled mode theory [4, 8] . By considering the FBG 316 length (L) divided in n short segments, then the ∆x = L/n is the length 317 of each segment. Note that n is constrained by the grating period [8], as 318 described by equation (8).
For the FBG length limits, −L/2 ≤ x ≥ L/2, and the boundary condi- (5) and (5) can be expressed as:
where R(z i ) and S(z i ) are the input light wave travelling in the positive 323 and negative directions, respectively, and R(z i+1 ) and S(z i+1 ) are the output 324 waves in the positive and negative directions, respectively. Thus, the TTM 325 matrix F x i ,x i+1 for each segment (∆x) of the grating can be calculated using 326 the equation (10) and (11).
Finally, the grating total response matrix F is obtained by multiplication of each segment response matrix, as described in equation (12).
And, the reflectance of the grating can be described by the equation (13). 
